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1. Introduction

In studies of the effectiveness of fragmenting anti-aircraft
projectiles against aircraft targets, the destructive power of the fragments
from a projeotile is matohed against the resistance of the aircraft components
to damage, and a oloulation is made of the probability that the target is
defeated, taking Into aocount the combinations of components which must be
damaged in order to bring about this end. It in fumdamental to this work
that the following should be known for any relative position of projectile
burst point and targets

(a) Whioh oomponents of the target are struck by fragments.

(b) How many fragnent strikes are to be expected on any component or,
equally well, what solid angle does the component or that portioi of
the component within the fragment beam subtend at the point of
burst.

(o) At what distance is the burst from each of the components struck.

The aocurate determination of this information by theoretical methods
involves considerable computation. Attempts have been made, notably in
Referenoes 1, 2 and 3, to put formrd methods of calculation of weapon effeo-
tiveness in which the use of approximations overcomes the necessity for
accurate determination of the above information. Whereas these methods provide
a useful means of calculation within the limitations of the approximations,
these approximations are demonstrably untrue if the linear dimensions of the
components and their distances from the oentre of the aircraft are of the same
order as the burst distanoe of the projectile. ' These conditions arise in
particular in assessments involving multi-oomponent aircraft and the larger
compoents, such as the structure or the fuel tanks.

la the problem of determining the solid angle subtended by such a
component of irregular shape by theoretical means is most forbidding,
recourse has been made to direct measurement at model scale, and an experimen-
tal simulator has been built for this purpose. This Mark I simulator is
necessarily crude and does not incorporate all desirable features, but it has
none the less operated for the past eighteen months and much useful work has
been done. After experience had been gained in operation of the Mark 1, a
specification for a Nark 2 simulator was issued and the apparatus is now
nearing completion. This simulator differs from the first in that engineering
design has been improved and accuracy is oarrespordingly greater. Two major
and several minor modifications have been made to the method of operation.
At the same time as the specification for the Mark 2 was written, a research
contract was placed to investigate the use of automatic methods in conjunction
with simulators; as a result a Mart 3 model, in *.ioh operator time is out to
a minimum and automatic recording of data is employed, is likely to be
available in Jume, 1954.

The general theory concerning the representation of the anti-aircraft
engagement at model scale applies to all versions of the simulator and will
therefore be given before detailed descriptions of the various versions.
Illustrations vll however be taken from the existing Mark I model in order
that the developmenta in design of the later simulators will appear in the
proper chromologlel order. The tree Marks of a simulatar are described in
detail in Appendices , B an 0 and an account of ome of the work done to
date is given in Rferences and 6.
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2. General Description of the Simulator

2.1 The simulator oonsixst, in essenoe, of an optical source which emits
light to represent the beam* of fragents from a bursting projectile,

and a model target aircraft in whioh the various ocponentm vulnerable to
fragments are shown. The parts of the target struck by f rnent ar taken
to be those which are illuinated by the light source. The term *frapget
is used here in its widest sense and includes any type of inert fragment, or
any sub-projetile speoially designed to attack particular components of the
target.

In order to define the relative position of the point of burst with
respect to the centre point of the target (defined as a point on the axis of
the fuselage selected as convenient) a coordinate smte. is used with the
centre point of the target as origin.

In the Mark 1 simulator a Cartesian system is emplcyed, with the x
and a axos horisontal and the y axis vertioalj the relative position of the
missile burst to the target is met up by moving the target in the x and x
directions and the light source in the y direction. A cylinriceal palar
system is employed in the Mark 2 and is envisaged for the Mark 3 simnlatcor,
in order that cylindrical polar coordinates of burst points obtained In the
A.D.B. fuse burst pattern simulatot may be transferred without oaoversion.
The a axis in this system is vertical in both the Mark 2 and the Mark 3 modls.

The a axis in taken to represent a fixed direction in the engage-
ment under oonsideration, as convenient to the work in hand. The ohoice of
this fixed direction has in the past rested betwen the direction of the rela-
tive velocity between missile and target and that of the central trajectory
(the line through the target centre parallel to the course of the missile).

It is essential that the target course be som in its correct
orientation with respect to the a axsa; the details of this setting and the
desoription of the system of coordinates, of angles, and of their relation
to other system in comn use, is given in paragraph 3-.

Model aircraft are used each consisting of a wire frmework into
which are fitted models of the vulnerable components and of those portions
of the target likely to shield these components. In certain oages, when the
complete structure of the target is regarded as vulnerable, solid model we
used. The detailed construction of the aircraft varies in the three simn-
lators and is described in later paragraphs.

The majority of fralpents from a bursting projectile are thrown out
in a volume enclosed by the surfaces of two cones, the comon axis of the
cones being the axis of the missile. It is the function of the optioal head
to simulate this beam of fragments by light emitted from a point source,
bounded in such a way as to give the correct beam width and orientation. For
simplicity of operation at the outset, the assumption is usually made that the
density of fragments within the beam is oonstant. However, in particular
oases a varyizig density can be introduced into any problem by splitting up the
beam into small elements, to be considered separately, such that the density
over anyone element may be considered uniform.

The optical head can be set up to show either the bm of fragments
from a static missile or the 'dywnam beam from the missile in flight.
Since the fragwmts from the missile take a finite time to reach the target,
and since in that time the target moves along its direction of fligft, a
fragment which hits a component does not trawl along the line joining the
burst point and the position of the component at the time of burst. It
travels instead, along a line whose direction depends upon the ratio of the
fragment velocity to the target speed. Target travel must therefore be
allowed for in determining the oonents of the aircraft which are struck
by fra ental this is done by setting the n mamic beam an the optical head
and moving the target along its direction of flight by an appropriate aot.
This operation and two alternative, but low favoured, methods of simulatins

See A.DJ. V.T. Puse Teohnical Note No. 32.
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the effet of target tral during fra ent flight we descibed in de tai

lae nthe tazt (Para 4.2).
when all ausmnts hav been made, the Anfomation reqxrealisted in Para I ma be'obtained by direct mesU-esexat

3. Description of the Coordinate Wystm Used

3.1 Position of bmt relative to tbetorpt mtre

The following eyxeni of roctannuLr Cartesma noordi ats is used in
the ark 1 simulator to define the bnrt position of the missile, relative to
the target:

Origin: the target ontre, i.e. & point an the fuselagp 5xiB oh
arbitrarily as oonvenient

s axis: a oouuenient find direotion in the enggeanent under consideatio.
This in usually taken to be either the dfreation of the relative
velocity of missile and target or the central trajeoto27.
These directions are, of course, the same in the came of direct
ahead or astern attadcs. The x axis is horiseotal in the Xiu.k 1
simulator.

y axis: a line perpendicular to the a axis, and vertioal in the Nark 1
simulator.

x axis: the ira perpendioular to the two az&m defined above, and withthe positive direction appropriate to a right-bonded, m' 'lm of"

aaes. :t is horl ontal in the simlator

For the art 2 slmulator, oylnril polar oordinates have been
osen in order that burst positons m a be transfered pireot from ihe .Dfuse burst Pattern simulator, as fo]llom

x exist as in the Mark 1 Gortesian mystm, The x axis is vertical In
the Mark 2 simulator.

r and 0 'in the plane perpendicular to the a azdx.

ouse in para 3 . .

3.2 Orientation of the Target Oourse

In addition to the relativ positions of target and missile it in
also neoessaz, to uimlate the orientation of the target ourse with respeot
to the line taken as the s axis, and, the given data win in general inolude
the following item:

(a) The velocity 17, of the target (which is assmied at present to he
flying a straight and level course).

()The msile vedooty, V.

(a) Tm of the folUowig three ale. (see pis. 1) 1

p a the course angle, i.. the asngle between the target ooure and
the projeotion of the central trajectory in the plane of the wins
(Angle M , In J. 2),

0 w angle between the central trajectozy and its projeotion in the
plow of the Wings (Angle QO in Fig. 1),

1IM



it a angle between the our bml trajectorY and thu target ourse
(AngooTin Pg. 2).

Az two of thesis angles tcoether define the direation of the central.
trajectory, and are counimated by the .ro~lasin equation:

Oo0M 0 Cox 0,0 00 17.

Frn the above data It is possible to oxloruate the mgnitude, VR,
*of the relative velocity of miisile and talgmt, end its direction, defined
by angles B# A, O, coresponding to Or 6 snd 17 respectively (see Jig. 2).
The ine tinough the target amtr.,, parallel to the relative velocity, is
xubequat~y referred to ax the TR line,

Vsing a. rectangular Olartesiaa system of ooowdinatex 0(a, b, a) ith
origin 0 at the target ontrae, OAL along the tariet ourse and 0o perpsudiomalar
to the plane of the wings (an. Fig. 3) , with unit veatars and4 a% sang OIL,

Ob ed Oo respectivelyl

Towpt valboity I,

missile velocity W.Voc Cox 0.1V acs 6 ip + sn l

thmetwe relative velocity.4 Va 9(.Y u) OAm) JrVO0 m in P .1 +V sin e Ip

also~relative velocity ur~ 1 coxA can B Jjt o A sin .1+ VX sin A k

sa that V1  =(Ta+ 10 + 9W om 0 anx ) ......... (1)

Again, equating vector oefficients in the two expressions for
reaievelocity, we see that

Vio oskAow B = U +Ton cos Op,

VR 0oosin m oo V O in 0,

and V1 sn A ma sin 0.

Thus, sinA= A sin 0 ...e2

V 1  (Uoy2W oe 0o * (i)
and tanB= , **come coapW*..*........ 0.00 (3)

while from Fig. 2 m note that ce 0 w one Aon; 3.

It in also necessary to know the angle y betwe the V1 line and the
central trajectory. Aram the triangle of velocities In the cn= velocity
plane is see that this is given by tUs equation

sin ya

is. The Optical Read and its Use

It is the purpose of the optical head to simulate the projection of
framents from a bursting projectile. The oonstrwticmn of the head in the
EMts I and 2 simulatcen ins daillar in principle, but that In the Mark 3 is
radically different* The basi' theary given below applies, however, to anl
urInls.
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One mjority -of the ftaimbt from an s:%AaIng missile are prejm.

at high velooltr ithi the Mpame oit Ir the* swftamx of m am"e', *ms
owou ass is the aziMofthe sissil*. MW' Vbe *ofas ~mxmting
fr900 A PCIASt Mew at the I W of tnh0e 1 W uusi~timnktulm of the om
being defized as the bern 1Isifb (81L AM s *a Ame 4). Mw use of these

Oem adit oate Ptim~zh~h of the Initial frapsunt
V820tIJ Y h a teq o am ix M th aimile rrneiniag vWloty

(a) ith. the mtissile at rest the fragments we pro"Jected with velcity
T~(Ink varies 4=ag ?bhe1RIok of On missmil) relative to iM

34amau of the Internal tqip' of the aaw of the misalar &A~ the
fact that the mieai~a is of finite longthy ther fapofts are dha-
trihuted In a hem about the plowe " Wg the sissil osutmu w
pexpediURar to its axlso Mile Is 1, 1a the alftatia V~

(b) Mhan the missile is mowin At remaINUS velocity V the framment.
a" projeoted with 1d*oid~r Vz(s a * razative ta
fixed Apo" n"s ir"Aw -w bamIni nt *Is*

- _ a the urmklati of TS aln the niaziler Ow the er
is wot neosrxy *f the sa viftk as %ba tOw missile is at rest,

B, an O both beteg *An st Sim, in 1,t as the 'Ibmic 3mm'
and Pis. 4 insm - ioneraftm of a sw*1 through it.

The missile maq be designd to Aim fraat of ari or other of
tM typass

(a) hapants from A 'na*WAW3y V, gin missile 1w dish, j *
v7In shqpe ad sme mwe a onssiderable rungse. Mwe sma dia-

tribution my be determized aprzcmtsh fra the aqpAtim

Pi aezp( i~~i)

dwe Pi a the proportion of the tota Iw of fr-apents of na .i

M* the 'fragentation parameter', which is dgterined by the odssile
geetry, the steel and ezphcmive of the missile (Sef. 5). The frapeax
vaz7 In velocity amd density of distribution acoss the bass.

(b) 'Gontrolled' frapentsi iid are of uniftm ma end sbpo, ani
*norully are more vmifumly distributed mcoss the be,.2b

fragment velocity varies along the missile length but them
variations are not usually large,

AUl considerations of the nodwr or type of frapents are left to
a late stage of the aslculations, mod the optical hend Lu concerned only
with simulation of the direction of throw of the fragimts.

4,2 -Target Notion

In the tim during %blah the fragment travels to the target, the
sawist mo.es along its ourse. Tha distace it mows is a funtion of its
velocity (U), the fr-apsut velocity (1T), and the relative positionx of the
target end Missile at the mIt the latter Is detozsteL A coc4ioatom
arises becnae the frapent velocity Is not oonatant, in The fregeent
suffers retardation due'to air-zexistamw.

P7g. 4 mq be modified to -11o for this by amother vectorial
* addition to the frsenut veo~cities abih mst very as the distance from

the Missile Sanwess. The result is the. curved bern of the type dwm In
nig. 6 for a target passing direotly overhead. The pqhioul problem is
m omr complicated If the msmile ourse an twrist ourse are skew liznj
the bern is not, igmtriel about air standard referenc line.
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The effect of target motion during fragment fLight may be repesell-

()by Rotting the distorted framet am (Fig. 6)on the optica head
It in at ourse not possible to sinU~lte the curved limitx of this
beom and the variation of the fragment velocity with distance d=
to retardation in air must be neglecte. Tlke fragment velocity
cosen can howevar, be taken as a mean value oonsistent with
point a~long, the fragment path. The point chosen depends Wyon tUs
conditions of the engagement which is beig onmsidered, and the
shot distribution is a relevant factor. The variation of fra~m~
initial velocity over the length of the missile also oce~licatem&
choice but as a general ruletbo velocity chosen should be AL weighted
mean taking Into acoowt the number of effective fragmegnts frcn each
of many sections of the mmsile xaalable at the chosen distance
from the point of burst.

(b)*by setting the dyammio beam n the optical hemd. Target motion is
then taken Into account ty moving the model aircraft along Ith axsia
by an amount which is deterine~d by succoessive approximatiovnl, and
which varies, with each compnent considered.

(a) by setting the staticr beam on the optima head and moving the model
target by an appropriate amount in the direction of the relative
velocity of tissil and target.

In practice the second of these methods has been fovad to be the
most convenient and has been generally adapted, even though A mall =,rto
arisea due to the fact that the direction alongwhich the solid angle in
measured in the actual direction at flight of the fragment rate than the
direction relative to the target.

The first method has been rejected because of the approzimat ion
involved In the estimation of a mean fragment velocity and because of the
omplicated nature of the design of an optical bond to give the distorted
fragment bern. The third method is undesirable owing to the large distances
at model scale through which it would be necessary to move the target.

It is emphasixed at this stage that, whichever method be used,
target travel must be allowed for before the record of those omeponents
illminated by the light beam in taken andl their distances from the point of
burst are measured.

5. Solid Angle Measure~mts

The pbysioal *concept of the area presented to the fragments of a,
beam by the vulnerable ompconents of an aircraft is omplicated by the fact
that the fragments emanate from the burst point in many' direoticns, an
there is no unique plans poppeadioular to all directions of fragent proje.
tion. 7ar this reason the use of solid angle* is preferred to that of
presented area.

The part of a vulnerable coupovint which lies within the be=n or
fragments is indicated by the part of the compionent in the model target,
which in Iluminated by the light beam, vibn tim target is in the position
reached idien the omeponent is struck. The ratio between the solid angle
subtended ty the illiminated. area end the so"i angle contained by the
complato hem gives the proportion of the total nuber of fraeonta which

aW be expected to hit the comonent ine consideration, assmdog the
fragment density to be uniform over the hem width.

In the Xark 1 end Mark 2 alaulators the sold angle subtended by
the Mvlisinted parts of te target Is assessed 1W maatwemnt of the area

74
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or show oext by the tolget m a nain me~t of xzee. Theme sarin
wich are PUNe In the NMarI no ld am call~ In the Maft 2 we all-
bated in osnint =its of solid ang~le the total soi angle omasoa
being maed by oountivng the nomber of =nite vhiob awe oavared by the shadow.

Aseamnt of solid angle is etmtio In the Xark 3 aizmIUtor and in
ackleved by prejeating abeam of lht to ama seek of a umber of small arse
of the -- fao, of a uaphere in tium, amok Area rpematlog a unit of a"li
angle, 'A mmb$.ug devios reorda the umbe of ases In idaho the target
modal obstame a ad refleots the 1104~ bemam d this remw is then coarvrted
into a solid avale reading.

mhe 1930 of the hkta frla 00 UIMIaor

The data obtained frod the aslator donsit ofteknowleige of
ddekm - I ae srayd b th framen bamLthedisema ofthem

omonents ft the bunt paid i~e they are hit and the solid angle s1l*-
tmdad by them at the point of bmst. The rnalie Of the oAlM~dulAtino
the lathelity of a weapon Is a theretical operation.

Frm a knowledge or the mas, initial velocity and retardation of
the frapnt and the vulnerability of the ompaeat, graphe can he prepared
to abow the umber of fragmnts from AL missle effective against a coapomentr
plotted againat diutamoe.

The team lumber of effective fragmetx* in defined Aw the prodmot
of the umber of frmnta from the missile and the probability that a hit
byr a one of those freut~ wil am=m dump of the re quired kindw

If n(d) be the umbe of fragesita effective in dawmgbd a oov-
met at diatanom d, and if then. fragments be distributed vinifwrmy over the

fragment bai, them the probability of at least mne effective bit on the
amo~ext in given by

mbere w In the inhiA angle subtended at the point of burst by the part of
the , - - t witin, the frapeit beano and fl is the total solid angle oat

* abioh all the frapsota are Aproad. It is assumed, that .i~l is asah and
that ,I()VA rmains finite.

Pr this method, it in Possible to caloulate the probability of
adnging a omponent of the target far arq point Of burst (zy, x), tis
Probability being anr if the omuponent in, wholl outside the beam of frag

The probability of defeating a aiugjy vualnerableasiamaft from a
buret at (z, y, a) can be obtained by omnsderInag the sarvival probabilites
of ea&h of the compouents and may be written

P(z.y,X) W I- (I-%L) (2r%) .......

*bm pIi, pe .... p are the kill probabIlities am the a omponents from A
bans at this Palms.

The probability (P) that the airoraft is defeated by a singe shot

is given by

P Ifff p~h dx y ds ,

Saml



whgm pf is the probability disAtributin of fire ontrol o1?ms whboh
detentmem the probability that the projeotil passes Orouh
the elemsnt z do *5

Pb in the probabil.tthat A .m ax AA the elmvnt of spae dz dx ds
should burst tmmeand depends a the fum burst pattern.

p., is the probability of debatting the airrft fran A burst in
ds Gy din, amputed from the saIuiator data.

it should be noted that, in eaputing the probability of defeating
a target by a Sings ahat, the Amotim in the above tripve interal W

nremnt the probability that tl* A a As defeated by-a burst
4x the elmen- d d , Par a multiply vulnerable afroraft this f etion
umt taks acoimt of the n ! of. cnaments n each of the sets of
vmt. shJo must be damaged In order to defeat the taxget, and of a ummtima,
similar to that sbo, ovr ts various e1m~sa of ouompwiuc in the airwaft.

Ybm calculation of the prthcity of defeating the target with a
Msw : of Sots is Mre o aqJitsd, and involves the aacrnulation of dmasp
te.mrums of the classes of oopane-nts during the enpsgmsit. An *mp=le
e seak a oalvulatIm, IMvolving the use of the Mark I siuul4tcr, in givmnSn bbz rens 6.
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Desription of the Mark I Simulator

1. This simulator is at present in operation at the .DIU. Fort Halstead.
A diagrammatic sketch is given in Jig. 7. It employs a Cartesian system oF
coordinates, the x and z axes being horisontal and the y axis vertical. The
simulator in arranged so that the optical head moves in the dirention of the
y axis only, while the target assembly moves in the x and z directions

Fig. 8 shows the details of the oDtioal head originally planned for
this simulator. The light source, at B, is as near a point source as can be
obtained conneroially. The light is confined to a onioal bem by the edges
of a disc and cylinder, as shmn in the figure, and this beam is initially
qurtrioal about their oon axis. The disc and cylinder are fized relative
to the light source in the x and y directions and move in the z direction,
governing in this movement the beam limits, el and es whioh are set directly
frm & graduated scale. The light Assembly is pivoted about an axis M'
through the source parallel to the x axis. This movement is to allow for
the setting of the angle betwen the missile course and the x axis, and its
magnitude ( ) depends on the line that this axis represents$ e.g. if the
• axis represents the relative velocity line, then g = y. The assembly is
rotatable about the axis (zx) in order to bring the setting g into the
omon velocity plane.

An additional setting is necessary if the distorted fragment beam
(allowing for target travel) is required, this being a movement of the light
source within its housing in the common velocity plane parallel to the target
course. To simplify onstrution, provision for this last setting and for
rotation about the axis E t was not made in the optical head finally produoed.
For angle-off attacks tkis leads to the choice of the central trajectory as
s axis since, with this choice, allowance for target travel is most easily
made. This omission will be made good in the Marks 2 and 3 simulators now
being produced.

Two types of target are being used at present. They are:-

(a) A solid wooden model. This type is used in problems involving the
struolure of the aircraft.

(b) A skeleton model. This is a bare skeleton of the aircraft struo-
ture, made of wire, with the components fitted into it 'in solid
form.

The target is moved along a guide rail parallel to its axis to
allow target travel during fragment flight to be simulated. As this apparatus
does not allow a olose approach of the target to the light assembly, the rail
is omitted whsrever possible. When a bead-on or tail-on attack is considered,
the motion of the target is along the z axis, and may be allowed for by using
the existing movement in this direction, or by setting up the optical head to
simulate the relative fragment beam.

2. As a preliminary to the working of a problem the target must be set
up in its correct position and orientation with respect to the optical head.
The system for setting up am be followed on Fig. 7.

The target is mounted through its centre 0 on a vertical bar WM about
which it is free to turn in a plaw perpenaoular to the bar. The bar is
itself mounted on a right-angled arm XW# in whih M is horisontal, and RP
initially vertical, and the arm can be rotated about a horizontal axis PQ,

U-R
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level with 0. A second right-angled arm QM (QR vertical and R horisontal)
supports the first, and tae whole struture turns about a vertical axis S
directly below CK.

The point T can be moved along a horizontal bar parallel to the
s axis, and variation of the x coordinate oan be achieved by lateral movement
of the bar itself in the x direction.

The y coordinate is fixed by vertioal movement of the light source
along a bar parallel to the y axis.

In the present set-up of the simulator, the arm QS is fixed so that
S is parallel to the x axis and hence OPQ is the x axis. Only two of the
possible three angular displacements of the target will therefore be alloweds

(i) rotation about CE i.e. about the y axis, to adjust angle B if the
VR line is chosen as the s axis or P if the central trajectory is
chosen.

(ii) rotation about OFQ i.e. about the x axis, to adjust angle A if the
V line is chosen as the x axis or e if the central trajectory is

The target is in the sero position when the x and z readings on their
respective scales are zero and the target is horizontal nd pointing in the
positive z direction i.e. towards the light source.

Three possible types of engagement will be considered separatelyt

(i) Head-on attack.

(ii) Direct approacher.

(iii) Crossing target.

The methods for setting up the target will be considered separately
and described in detail for the case in vhioh the VR line is chosen as the
s axis. If the central trajectory is chosen as the z axis the procedure is
similar - the only variations being the magnitudes of the angular rotations.

(a) Head-on attack

In this type of engagement the relative velocity line is also the
central trajectory and in line with the target course. Hence the
angles A, B and C are all zero and the only variable parameters are
the coordinates (x, y, z) of the burst position.

The coordinates x and a are fixed by movement of the base point T a
corresponding distance from the meo position in each direction.
The movements take place in the negative x and z directions as it
is the target, and hence the origin, which is being moved.

Movement of the light source an appropriate distance y in the posi-
tive direction adjusts the third coordinate. The light source
then has coordinates x, y, z relative to the target centre.

(b) Direct approacher

For the direct approaching target the coordinates x, y and z are
fixed as in the case of head-on attack considered above.

The central trajectory and the target course - and consequently the
relative velocity line are in the sane vertical plane (the ommn
velocity plane) and hence the angles p and B are both ero, while
6-77 and A -C.
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posi.tion through an angle A about the axs Pg.

(o) Crossing target

The positions of the target cenr and the light souroe ae again
fixed as described above. The orientatim of the target core is
achieved by turning the target from the ra position through an
angle A about the axis P and angle B about the asxCis wbze Aand
B are given by equations 2 As 3 in pam. 3-.2,

3. In practice the given data wi not always inolude the rectangular
Oartesian coordinates x, y, m of the burst position exp3lirtly, and it = be
necessary to derive these parameterm from those of mother ooordinate 4qytm.,
The ystem moat likely to be used is defined by 0 r,, x or #,.R, z where

, angle between the oon ve2lDocF pui and the plane conta4ning the
1R Line and the buz t point (subsequently refarred t6 Am the 0 plae)

r m perpendiular distance fros the burnt point to the YZ line

I a distance between the target oaen and the burst point, at the instant
of burst

a is the usual Cartesian ooordinate mad r+ . - Is.

If * is defined as the angle between the ym plae and the c m
velocity plane then the angle betwe n the yz plane and the 0 plane 1e V
the sin being positive if * and # are both maspred from the p plaw In the
am direction. (The case of head-on attack is oonsidered separately latem
in the text).

The Cartesian ooordinates of the point 0, r, z ave therefore given by
the following equationst

z w r sin (*' + ,

y = r oom *

In order to solve the above equations it in first noesaiy to
oalculate *. Now the main .tude of the ou:,opnents of the target velocity
along the x, y and s es respectively ares-R

U sin C sin V,

U sin C oo .,

and U os .

From Fig. 2 we see that them magnitudes may be written respectively as-

U sin B,

U 005 B sin A,

and U ooa B oos A,

so that Um sin * mU DsinOB

49 Ooamn velocity planet plane containing the tarpt course,
central tra3ectoz7 and V1 line,
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and U s oo s U Cox R sin Aj

therefore tan v- D
sin A

4. The target and 21s aumblt. having been, set up in their relativepositions by mvment sala they , 7 a and the target rotated into

the correct orientatiwm, tho Wmda beau iLzits are net on the optical head.
The light head is than rotated abod W by the amgla F (Asming that this
ovement be possible) mud then abut tb* aiim pars4el to the x aiim to bring

the former movmet into the m vlcity lane (i.e. throqgh the angle *,
assumig M' initially pa'aael to the axis. The positions mad orienta-
tions of the light bead and target nw represent the exact enaament conditions
at the instant of burst.

To allow fw tariet tr'avl ^ method of sucoessive approariation is
used. The distanoa travelled by the target aod fragment are in the ratio of
their velocities, (lifp). Vi is a funatian of distance but the ratio h F  I
MWy be previously deteraied as a foAtIon of distance of frasont travel.
Prom a suitaD.e grsp the corresponding target trarel is obtadnable for any
given distanoe of framment travel. The method is as folaowni

(a) Measure the distance beten the light sovrce and the emponent at
the instant of burst (with a pair of oalipers). This is taken -
a firt approximation to the frpaemt travel, and the orresponding
tariet travel is obtained from the graph.

(b) The target is moved along its aoure by this amont.

(a) Measfure the distance beten'the light source ad the now position
of the component and obtain the comrsponding targt travel.

(A) The target position is adjusted so that its distance from the
original position is the new target travel distance.

(a) This prooedure is repeated until the adjustment of the target
position necessary is less than mix inohes full scale. This
should not require more than two settings, unless the target
velocity is very great.

At this point it is possible to determine whether the component is
striu* by fragents and to measure its distance from the point of burst. This
process is repeated for all vulnerable oolmponents likely to be struck and the
infamation recorded in an appropriate table. In the came of large coonents,
it may be necessary to record a range of distanoes oresponding to elemnts of
the component.

3. Measurment of solid angle is achieved an three screens, A, B and C
perpendicular to the z, y and azes respectively. Charts are attaohed to
the A and C lmaeenl, calibrated In a series of smail areas each subtending
the sme unit of solid angle at the light source. Movement of the light
source takes place in the y direction only (i.e. parallel to these two smreens)
and for every displacemnt of the light solrce, the charts are moved up or
down the screens correspondingly.



Oalibration of the B seren us not practicable since the parpen-
dioular distanoe between the light source and this screen is variable, and
the sizs. and shapes of the areas subtanding umits of solid angle at the
light souroe are therefore also variable. It was consequently neoessar to
calculate separately the solid angle subtanded by the portion of the shadow
'hich falls om the B swoon, and a method for 4olng so is described below.

5.1 Calibration of the oharta for the A and 0 merean

The calibration of the charts depends upon the orientation of the
axis of the ben relative to the screeas and the distanose betwem the soreens
and the light saoroe, and is most easily achieved by first calibrating a
screen hich is perpendicular to the axis of the oones and than projeoting
this grid into a screen with the speoified orientation and at the desired distance.

the fragaents from a fragmenting missile are projected ithin the
region between tao cones of ami-anglas 8. and e2 with xis along the
axis of the Miaile (see Fig. ). 0, and 2 are deried a the boom limits and
69 - I as the width of the fragment bean.

If the ber of light representing the frament bean is throe an to
a screen which in perpendicular to the axis of the cones, amd at a distance
K from the light source, the ilxin ated area oonsists of the region betwen
two circles of radii K ten 0, and K tan 08 and with cmn centre on the axis
of the cones. For a cboen value f K., oonc ntric circles are drawn with
radii K tan 6 for values of e at * intervals between 0 and the highest 0
value permitted by the dimensions of the screen, tbha indioating the boundaries
of the areas on the mreen which are illuminated by bern of various widths.
The solid angle subtended at the light source by the area between two circles
defined by er and 6 is give by .(coo Or - coB 8rK) where Or < P i- <Ir

This expression is evaluated for each pair of adjacent oiroles, and
the area divided into convenient units of solid angle by sets of radii.

The calibration of any other screen can then be achieved by projeo-
ting the above grid from the light source into the required planej a family of
conic sections corresponding to the circles and a set of concurrent straight
lines taking the place of the radii. Each obart must be moved up and down its
sween in synpatby with the movement of the light source, so that the point
wbich is the projection of the centre of the circles is always on the axis of
the light cones.

5.2 B screen Calculations

The oalculations required in estimating the value of the solid angle
subtended at the light source by the shadow on the B screen involves a great dea.
of computation, and it ban been found desirable to formulate a method of
approximation for obtaining these values. Such a method necessarily depends
upn the approximations which may be made under the conditions of the particular
engagement problm in question and Although the method described below has been
used so far, it mq need to be adapted in future work.

The outline of the shadow is sketched on paper, on whioh are also
marked beam angles at 2 ° intervals as on the calibrated charts, and the areas
of shadow between adjacent beam angles are masured.

If 14 is the distance between the light source and the contre of the
shadow in the Ith 2JP ane between adjaoent besm angles, and d is the perpen-
dicular distance of the light source from the B screen, then the angle ei between
the lines along which li and d are measured is given by

oos ei = 8-1.
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If the area of the shadow falling within the ith sne be denoted by
Sj then the solid angle subtended by Si at the 1igkit source is approximately

Siooa5ei SjAd

provided that Si is small compared ith 3i.

The measurements required from the simulator are therefore an follow.

Ci) The area of shadow in each angular ncne,

(ii) The distanoes of the light source from the oentre of the shadow in
each angular zone,

(iii) The distancem of the light source from the B screen.

The appropriate groups of the solid angles derived an above are then
added to give the total solid O1gle subtanded by the relevant parts of the
target which are iliuinated'by the beus widths under consideration.
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APPJDIZ B

Desqrption of the Mark 2 Simulator

1. The Mark 2 simulator can be regarded as a re-design of the Mark 1.
Its construction was undertaken by the Mollart Ingineriog Co. Ltd., Surbiton,
and should be complete by the end of 1953.

Several changes in detail have been made from the Mark 1 simulator,
among which ares-

(a) The Cartesian coordinate system, previously chosen for defining the
relative position of the target and the burst position of the
projectile, is discarded in favour of the cylindrical polar qgte
defined in paragraph 3.1 of the main text. This stop has been
taken to standardize coordinate systems with the V.T. fuse burst
pattern model scale apparatus within the Annment Design lxtablihemnt ,
so that burst pattern data can he transferred directly to the sla-
lator. The c lindrioal polar system will also allow suocemsive
setting of maze different burst positions with the minimum of effort.
Using this system it has been possible to substitute one rotational
for one translational setting, with a consequent = ion in weight
and space.

(b) The a axis of the simulator is vertical and movement in r is bori-
sontal, No long cantilever suspension of the target is therefore
neoessary and the consequent loss of aoourac is avoided.

(a) Three angular rotations of the target are possible in the Mark 1
apparatus, the two most convenient being used in any given problem.
If, however, one angular setting of the target model is made in the
com on velocity plane then only one other setting need be used to
give the sortect target orientation. This latter oubnation is
the one adopted for the Mark 2 simulator.

The derivation of these two settings from any method of specifying
the target orientation is a simple calculation.

(d) Measurement of solid angle is obtained by counting the number of
relevant units covered by the shadow of the component conoerned on
a portion of graduated glass sphere, oentre the light source.

2. A general arrangement of the simulator is shown in Fig. 9. The
light source A, which in secured to a concrete pier B, is similar in principle
to that origina]Ly designed for the Mark I simulator. It can rotate about a
vertical axis. The axis of the light source my be turned from the vertical
through the angle Y in order to allow the setting of the angle between the
missile axis and the relative velocity line (in cases where the relative
velocity line is chosen on the s axim) y may take all values up to 300.
Rotation of the light source is power operated by means of the elqn motor C
which is run fram a transmitter D, with manual control.

The hole target assembly moves in the r coordinate direction
along horizontal bars 1, the movement being controlled by the handle . The
s motion is controlled by the handle G, and vernier scales are provided for
this emd all other readings. The ooordinste 0 is adjusted by the sympathetio
rotation of the optical head and the target assembly about vertical axes, the
selsyn motor on the target asem=by being at H.

The target aircraft fits over the tube K, and two rotations, one
about the tube and the other through the bush L, provide t*ia me&= of setting
the target orientation. Target travel is measured along the tube K.

'm-n
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A glass quarter sphere is rotated about a horisortal diameter
hrough the light souroe in suoh a way that three quarters of the oamplete
sphere oan be represented. This quarter spbare in oalibrated in units of
0.001 steradians, and the solid angle subtended by arx part of the target
air raft is assessed by counting the number of such units covered by the
shadow oast*

3. It will be appreciated that the operation of the Mark 2 simulator is
similar to that of the Mark 1, and the differenoes mentioned in pars 1 of this
Appendix have little effect or the general szim of working

The apparatus is operated by first setting the deviation y of the
axis of the optical head from the a axis, and rotating the head about the
vertical axis to ensue that this setting is made in the vertioal plane
ecntaining the light source and the target centre. The target direction
of flight is then net in this plane and the selsyn motors activated to
obtain sympathetio rotation of the optioal head aid the target assembly about
their respective vertical ames.

The orientation of the target course with respect to the a axis,
assing the latter to be the direction of relative velocity of missile and
target, oan be obtained bys

(a) rotation of the aircaft on the tube K through the angle 8,
where 8 is defined by

cot 8 = tan /sin P

(b) rotation of the axseably through the bush L through the angle (77- y).

These rotations should be made in the above order; it should be
understood that the zero position of the plane of the wings of the target,
from which the setting 8 is made, is vertical and perpendicular to the plane
containing the light source and the target centre.

The polar coordinates of the point of burst with respect to the target
centre can then be set an the simuatr.

Certain characteristics of the apparatus should be mentioned,
whioh (before any operating experience has been gained) do not appear to
limit the use of the simulator unduysy

(a) due to the position of the quarter sphere, a value of r greater
than 200 ft. at 3/72 scale carot be obtained: this is unlikely
to be a serious limitation.

(b) values of s up to 36 ft. below, and I" ft. above, the light source
can be obtained at 3/72 soale this is likely to be sufficient.
Both this range and that in (a) above can be extended by change of
scale.

(a) there are some regions with r less than about 30 ft. in whioh the
light head obstructs the target support. This is likely to affect
at all seriously only those problems involving projection of frag-
ments within a oone of sei-wmgle 20P forward from the missile.
Such regions can be adequately represented on the Mark 1 simulator
and, it is hoped, eventually on the Mark 3.

'4 2- J



(6) thm raie of the anslx .m s d 89 is 0 to 23!P .easimaed from the
ford axis- of the optical beads nme amll amoimt of obocuration
i. amsed by uwqprtm flor the foiw~d diso v'4 a i rovable,

(as) the lisit of targst tmvel is 60 ft. full scale -this in 2ikely
to be, aftgusto.
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APPMwn 0

Deription of the Mark 3 SimAlator

At the same time as discussions took place regarding the construction
of the Mark 2 simulator, a contract was placed with the General Electric COiparz
at North Wembley to investigate methods of recording automatioally the solid
angle subtended by the oamponbnts of the aircraft at the point of burst of the
missile. The recording of solid angles in previous models was Judged to take
the major part of the operator time, and was therefore the measurement whioh it
was most desirable to make automatic.

An apparatus has been suggested by the G.LO. which in practice
replaces the optical head and the sphere in the Mark 2 simulator and which has
been assigned the nan 08A (optical solid angle ounter). It is envisaged
that the OSA will be mounted in a manner similar to the optical head of the
Mark 2 simulator and that the oordinate system, and the possible translations
and orientations, will be identical with those of the Mark 2. To allow close
approach, however, it is likely that the target assumb3, will be supported from
above by a suitable fraiework.

The design of the 0BAC has been confirmed as suitable by the A.D.B.
and detailed design work is about to coamence (July 1953). Delivery of one
prototype is anticipated in June 1954, and the design of the necessary
mechanical apparatus to provide the orientations and translations will be
undertaken by the ollart Engineering Company.

2. A block diagram of the design of the OSAC is shown in Fig. 10, and
general arrangemet drdngs in Fig. 11. The apparatus projects a narrow
parallel bean of light as frm the centre (on a rotating mirror within the
turret head), of an imaginar= sphere, this centre representing the position of
the exploding missile. The beam can scan the region of space which allOW' the
angles e. and 0, to have any values between 0 and 135 * measured from the upward
vertical through the turret head. The apparxatus is plaed in the correct orien-
tation and position with respect to the target, which is painted matt white,
Reflection from the target when struck by the light beam operates a gate circuit
(A in ig. 10).

A small sphere (shown in the left hand drawing of Fig. 21) has been
indented along a spiral path in such a way that the untouched surface between
indentations is of constant area and therefore represents a convenient unit
of solid angle. On to this sphere is directed a second beam of light and the
reflections from each of the small areas of the surface of the sphere may be
counted on an electronic counter. The sphere and the apparatus producing
the counting signal may be rotated in such a way that reflections from all the
mall surface areas may be counted in succesion, and the mirror in the turret
head turns so that the original beem of light is always projected in the
direction normal to the mall area illvminated. This light beam, therefore
passes through a =rit of solid angle on the imaginary sphere corresponding to
that illuminated on the mall sphere.

As the oowtp is controlled by the Sate A, counting takes place
only when the original light bim strikes the target aircraft, and by this
means the mmber of -11 surface areas for which the target is illuminated
may be recorded. The solid angle subtended by the target follows by direct
multiplication of this number and the unit of solid angle subtended by the
m areas.

The scan of the imgimoy sphere am be limited by a device which
operates gate B in Pig. 10, and allows counting wily within the chosen limits
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e, and e. .  This device is shown as the programme disc assembly in Fig. 31,
which also shows the centre of the imaginary sphere in the turret head.

In order to exclude stray light during operation, the simulator is
likely to be enclosed in a light proof screen, fitted with suitable interlocks
for switching general lighting inside. In order to alter any rotational or
translational setting, this screen must be opened and it has been thought
desirable to investigate remote control of the following movements:-

(a) the translations in the z and r directions,

(b) the rotation ,

(o) the target travel along its course.

If remote control of these movements proves difficult or expensive,
it may be desirable to limit it to the motion in the z direction, this being the
most used. As the target travel varies with any change in r, 0 or z, remote
control of any one of the coordinates necessitates remote control of the
target travel setting to make it worthwhile. There is no requirement for
remote control of the setting of 8 and e8, as this is occasional only.

3. The setting up of the simulator with regard to the orientation of
the OSAC and the target, and the polar coordinates of the position of burst
of the missile, are' envisaged as being exactly as for the Mark 2 simulator.
The likely method of operation is to make the setting of z last and to run
through a series of positions of z keeping r, 0 and the other settings fixed;
the other coordinates could then be altered in turn and the procedure repeated.

For each point (r, 0, x) set on the simulator the solid angle subtended
by a particular component at the point of burst of the missile can be assessed;
individual components must be treated separately, owing to the inability ofthe
OBAC to distinguish between them.

Since a zero solid angle indicates that the component is not struck
by the fragments under the particular conditions concerned, the value of
solid angle provides the greater part of the information stated as required
in the Introduction to the main text. It remains to determine the distance
of the burst from the components struck. This can be measured directly by
means of calipers.

It has been suggested, however, that this distance can be calcu-
lated directly from the parameters defining the engagement, and that the
OSAC should be regarded only as a device for obtaining values of solid angles
which can be fed into a programe for an electronic computing machine. As
the solid angle is the only quantity which does not 'lend itself to evaluation
by this type of machine, it seems logical that the Mark 3 simulator should be
used in conjunction with such a machine, and this method of use will be
investigated.

4. The following characteristics of the Mark 3 simulator relating to
the OSAC have been laid downs

(a) the closest approach to the apparent centre of the OSAC (the rota-
ting mirror in the turret head) should represent 10 feet when the
scale is 1/72.

(b) the limits of the setting of y on the 08AC should be . 30P.

(0) rotation of the OSAC about a vertical axis should be through 3600
but it should not be continuously rotatable. This was laid down
to avoid slip ring connections.

a2mT
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(d) the limits of setting of eL and e, should be 0 to 1350 measured from
the forwd azis of the missile.

(e) the limits of inaocraq of measurmet of solid angle should be +

on an area of 300 square feet at, 200 feet full scoale. This inaouraoy
increases linear3y with derease, of area at a given distance, and
decreases as the square of decrease of distance for a given area.

(f) the cole time for setting and scanning should not be more than one
.inutej faster speeds may be aohieved in the final desip.
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